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ABSTRACT
SPECTRAL SHAPE AS AN INDICATOR OF MOLECULAR WEIGHT 
IN CHROMOPHORIC DISSOLVED ORGANIC MATTER
John Robert Helms 
Old Dom inion University, 2006 
Director: Dr. K enneth M opper
Spectral slope is a term  used to param eterize featureless absorbance spectra 
according to their shape. Spectral slope is obtained by calculating the slope o f the 
log-linearized absorption spectrum  over a given range of w avelengths. Past studies 
have shown that spectral slope is related to m olecular size in fulvic acids. A simple 
m ethod of spectral analysis that com pares spectral slopes obtained from  tw o distinct 
regions of the UV spectra o f aquatic dissolved organic m atter is dem onstrated. The 
ratio o f these slopes (Rs) shows considerable change during photo-oxidation, .. 
variation w ithin estuaries, and substantial shifts with depth in the upper 1 0 0 0  m of 
open ocean waters. Evidence is presented that these variations in Rs are strongly 
related to m olecular size shifts w ithin dissolved organic m atter (DOM ) in a water 
sample. UV -visible spectrophotom etric analysis of 0.2 pm  filtered, estuarine 
waters coupled with stirred cell ultrafiltration and subsequent analysis o f the size 
fractions show that the R s param eter exhibits significant correlation with shifts in 
m olecular w eight distribution that occur during photo-oxidation o f D O M  and 
during the m ixing o f high-m olecular weight (HM W ) terrigenous DO M  and low- 
m olecular w eight (LM W ) m arine DOM. The Rs param eter is applicable to natural 
waters as diverse as the G reat Dismal Swam p and the Saragasso Sea, acting as a 
qualitative or sem i-quantitative indicator o f m olecular w eight and DO M  source. In
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addition, Rs is a faster and sim pler tool than fluorescence excitation em ission 
m atrices (EEM s), which have been proposed as a means to determ ine the source of 
ballast w ater in ships from  foreign ports. Rs can serve as a quick screening step for 
determ ining which sam ples need to be exam ined using EEM s or other m ethods.
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D issolved organic m atter (D O M ) is a com plex m ixture o f organic com pounds 
found in all natural waters. The chem ical properties of DOM  are diverse and depend 
partly on its source: terrestrial (allochthonous or terrigenous) or aquatic (autochthonous 
or in situ m icrobial). The fraction of DO M  that absorbs ultraviolet (UV) and visible 
energy is referred to as chrom ophoric dissolved organic m atter or CDOM . CD O M  is 
largely responsible for shielding phytoplankton from  harmful UV solar radiation (W alsh 
et al., 2003). CD O M -iron com plexes catalyze the production o f hydroxyl radical and 
other oxidizing species that are im portant for the destruction of D O M  and harm ful 
pollutants (Sundstrom , 1989; Hess & Schrader, 2002; Keiber & Blough, 1990). CD O M  
may com plex toxic heavy metals or alter their speciation rendering them  less toxic 
(W right and M ason, 1999; Kogut and Voelker, 2001)
Tw o sub-categories of DOM , hum ic acids and fulvic acids, have been 
operationally defined. Hum ic and fulvic acids are collectively referred to as hum ic 
substances (HSs) and usually account fo r about 50%  to 90% of the D O M  pool in 
freshw ater environm ents (Am ador et al., 1990) and 5% to 15% in open ocean 
environm ents (Hedges, 1992). Because of their optical properties, HSs are an im portant 
fraction of CDOM . There has been considerable attention directed at elucidating the 
sources, sinks, com position and reactivities of HSs in aquatic and terrestrial environm ents 
(Povoledo and Golterm an, 1975; A iken et al., 1985; Davies and Ghabour, 1998;
Steinburg, 2003).
This thesis fo llow s the style o f the journal M arine Chemistry.
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Certain chem ical m oieties, including lignins and phenolics, w ithin the C D O M  and 
HS pools appear to be resistant to biological attack (Amon and B enner, 1996; B auer and 
D ruffel, 1998; Hedges and Keil, 1999). In the photic zone, how ever, biologically 
refractory CDOM  can be significantly altered or com pletely oxidized by sunlight (G ao 
and Zepp, 1998; Lindell et al., 2000). Photochem ical reactions o f CD OM , in particular 
photo-oxidation, result in loss o f absorbance and fluorescence, i.e., photobleaching. Loss 
o f absorbance is due to the destruction and/or alteration of chrom ophoric m oieties in 
D O M , which, in addition to changing the m agnitude of light absorption, m ay also change 
the spectral shape or absorption as a function o f wavelength (Tw ardow ski and D onaghay, 
2002). Photobleaching therefore also alters the quantity and spectral quality o f  light 
available for both photochem ical and photo-biological reactions in natural surface waters.
The UV/visible absorbance spectra for CD O M  are generally featureless, w ith 
absorbance increasing exponentially with decreasing wavelength (Schw arz et al., 2002; 
Tw ardow ski et al., 2004). A  param eter known as spectral slope or S  can be derived 
m athem atically from  these spectra by fitting the absorption data to  the equation:
ax = Me~s'a ~Kef)
(1)
where a = absorption coefficient ( m 1), M =  am plitude, X = w avelength (nm), Zref = 
reference wavelength (nm), and S  = spectral slope (n m 1) (after Tw ardow ski et al., 2004). 
The S  param eter is usually obtained by plotting the natural log o f the absorption 
coefficient against wavelength and calculating the absolute value o f the slope (first 
derivative) across the desired interval.
The value obtained for S  depends on the w avelength interval over w hich it is 
calculated (Carder et al., 1989; Stedm on, 2000). This dependency is due to im perfections
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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in the f it  o f the data to the exponential function or to the failure o f a single linear 
regression to  adequately describe the log-linearized spectrum. U sing a small range o f 
w avelengths to calculate S  often provides a different result from  using a broader range 
(Tw ardow ski et al., 2004). Further, the S  values obtained for a given small X range may 
change dram atically if the range is shifted toward low er or higher w avelengths. A s a 
result, the scientific literature contains reports o f highly diverse values for S  (for a review 
see Tw ardow ski et al., 2004). Com parisons o f published S  values have thus been 
difficult to make. Del V ecchio and B lough (2004) and Stedm on et al. (2000) 
dem onstrated that log-linearized spectra are better described by non-linear regression 
fitting routines when obtaining the S  param eter. Sarpal et al. (1995) found that the slopes 
o f two w avelength intervals, 260-330 nm  and 330-410 nm, described linearized spectra of 
A ntarctic waters far better than a single slope. Spectral slopes and the tw o-slope approach 
in particular were found to contain inform ation about the m anner in w hich absorption 
decreases with increasing wavelength.
The S  param eter has been previously used fo r correcting rem ote sensing (b io­
optics) data (Schwarz et al., 2002) and m onitoring degradative processes in C D O M  
(V ahatalo and W etzel, 2004). Carder et al. (1989) show ed that the S  param eter m ay be 
used to qualitatively describe the ratio o f fulvic acids to hum ic acids in a sam ple (see also 
B lough and Green, 1995). Similarly, UV /vis spectra were obtained fo r hum ic acid  and 
fulvic acid isolates, and it was noted that the S  param eter correlates strongly w ith 
m olecular w eight in fulvic acids but not in hum ic acids (Hayase and Tsubota, 1985; 
Carder e ta l., 1989).
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The lack o f a standardized m athem atical or operational definition of S  (i.e. linear 
vs. non-linear regression) or a specific range of w avelengths for its calculation has 
resulted in contradictory conclusions throughout the scientific literature. For exam ple, 
G ao and Zepp (1998), M orris and Hargraeves (1997), and M iller (1994) reported that the 
spectral slope decreases during irradiation o f CD O M -rich water sam ples, which runs 
counter to a considerable am ount of evidence presented before and since (Brown, 1977; 
V odecek et al., 1997; W hitehead et al., 2000; Del V ecchio and Blough, 2002;
Tw ardow ski and D onaghay, 2002; Del V ecchio and Blough, 2004; V ahatalo and W etzel, 
2004). How ever, the apparent contradictory results are internally consistent given the 
w avelength range, fitting routines, or definitions that were chosen.
O ther spectral shape param eters, prim arily ratios o f absorbances, have been used 
to describe CD OM  properties in natural water sam ples. These ratios are often m ore useful 
than single w avelength absorption values because o f their independence from  CD O M  
concentration. This independence is especially im portant in regim es such as estuaries, 
where DO C concentrations often vary by a factor o f 5 or more. D eH aan and D eB oer 
(1987) reported that the ratio of absorbance at 250 nm  to absorbance at 365 nm (often 
called the E 2 /E 3  ratio) may be used to track changes in the relative size o f DOM  
m olecules (see also Peuravuori and Pihlaja, 1997). As m olecular size increases, the E 2 /E 3  
ratio decreases due to the stronger absorbance of H M W  CDOM  at longer w avelengths. 
The ratio o f absorbance at 465 nm  to absorbance at 665 nm (E 4 /E 6  ratio), was considered 
inversely proportional to CD OM  arom aticity (Sum m ers et al., 1987; Piccolo et al., 1992; 
Chin et al., 1994). How ever E4 /E 6  ratios have been shown in several studies to be m ore 
directly related to m olecular size, O/C and C/N atom  ratios, carboxyl content and total
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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acidity than to arom aticity (Chen et al., 1977, Senesi et al., 1989) and therefore may be 
used m ore appropriately as a general tracer o f hum ification. In dilute aqueous solution 
(as opposed to soil and XAD extracts), where there is often little or no m easureable 
absorbance at 665 nm, absorbance at 254 nm (or 280 nm ) is often used in lieu of the E 4 /E 6  
ratio as an indicator of arom aticity (Sum m ers et al., 1987; W eishaar et al., 2003). The 
w avelengths 254 and 280 nm are used because they correspond to Jt—»jt* transitions o f 
arom atic com pounds. W eishaar et al. (2003) showed that UV absorption at 254  nm when 
norm alized to DOC concentration, a param eter called specific UV absorption 
(SU V A 254), correlates strongly (R 2  >  0.97) with DO M  arom aticity, as determ ined by
1 3 c - n m r .
Spectral slope has been used as a proxy for m olecular w eight in a broad range o f 
samples. A n in-depth review of the literature showed, how ever, that using S  or E2 /E 3  as a 
proxy fo r m olecular w eight changes was m ainly dependent on studies that isolated 
CD O M  by solid phase extraction (e.g. X A D resins or C-18 silica) and/or fractionated 
them  in relatively harsh acid/base conditions (Zepp and Schlotzhauer, 1981; H ayase and 
Tsubota, 1985; Carder et al., 1989). Consequently, observed variances in M W  betw een 
FA and HA fractions may be to some extent artifactual due to, for exam ple hydrolysis o f 
m acrom olecules and selective adsorption o f hydrophobic m oieties onto solid phase 
supports (Schm it and W ells, 2 0 0 2 ). Further, the use o f S  over large spectral regions (e.g. 
Del V ecchio and Blough, 2004; V ahatalo and W etzel, 2004; others) ignores potential 
subtle changes in the shape of spectra that may be exploited to provide structural and 
com positional insights. In this study, both these potential artifacts and the dependence o f 
S on w avelength range are addressed by subm itting sterile-filtered w ater and ultrafiltered
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aliquots to U V /vis absorption m easurem ents and by determ ining S  over tw o clearly 
defined w avelength ranges.
Q ualitative observations about CD O M  can be made from  the U V /vis absorption 
spectra o f w ater sam ples taken from  very different environm ents by adopting the 
approach described in Sarpal et al. (1995) and A nesio (2000). Briefly, the range o f 
w avelengths used for the slope fit is divided into two regions, 260-340 nm and 340-450 
nm. The basis fo r choosing these ranges is the finding that S  over the interval o f 260-340 
nm  (S260.340) generally increases upon irradiation, while S  over the interval o f 340-450 nm 
(.S 340.45o) generally decreases. A dditionally, the second derivative natural-log spectra for 
all sam ples used in the present study showed a point of inflection at or very near 340nm . 
By calculating the ratio of the slope of the shorter w avelength region to that o f the longer 
w avelength region, a new dim ensionless param eter called ratio o f slopes or R s is defined. 
This param eter appears to closely track shifts in m olecular w eight o f CD O M  in diverse 
environm ental regim es and during irradiation with natural and artificial sunlight.




Elizabeth  R iver and  Low er Chesapeake Bay
W ater sam ples were taken from  three sites w ithin the E lizabeth R iver/Chesapeake 
Bay estuary system  during M ay 2004 and again during O ctober 2004. The three sam pling 
sites are shown on Figure 1 (inset). The Elizabeth R iver estuary experiences a strong tidal 
influence over its entire length, while, at the sam e tim e, it receives direct input of 
C D O M -rich w ater from  the G reat Dismal Sw am p canal system  (by way of the Deep 
C reek Lock, Portsm outh Ditch, and several o ther small creeks). C onsequently, the 
salinity gradient rarely reaches a m inim um  value o f 5 ppt (at the up-river site) and 
contains considerable concentrations o f CD OM  even at relatively high salinity. Our 
designated high salinity (marine) end-m em ber (the m outh o f the Chesapeake Bay) is 
derived from  the confluence of several estuarine system s of varied character.
Sam pling was perform ed at low tide using a clean stainless steel bucket. Sam ples 
w ere transported back to the lab in polypropylene carboys precleaned with hydrochloric 
acid (HC1) and w ere then gravity filtered (0.2 pm  pore size, W hatm an PolyCap capsule 
filters). The filtrate was collected and stored in am ber glass bottles (H Cl-cleaned and 
com busted at 450°C). The filtered water sam ples were placed in 500 m L round quartz 
glass flasks and irradiated on a turn-table under a bank o f tw elve Q -Panel U V A 340 bulbs 
w ithin 48 hours o f sample collection. Two sets o f controls were run; one set, referred to 
as “ in itial,” was stored in the dark at 4°C, while a second set, referred to as “dark 
contro ls,” were w rapped in alum inum  foil and placed in the solar sim ulator. The light 
output from  the solar sim ulator was m easured using an International L ight IL-1700
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
(equipped with SU D 240 sensor and W #6931/300#14571 filter/diffuser), and was found 
to be com parable to springtim e, noon, sunlight intensity at 40° latitude (Leifer, 1988). 
U V -visible absorbance spectra were m easured for irradiated sam ples and dark controls 
using a double beam  scanning spectrophotom eter (B io300 U V /V is Cary, V arian) with 
1.000 cm  quartz cuvettes and M illi-Q  ultrapure grade water (M illipore) as the blank.
-eo' -75' -70'
40 ' 40'
£>9 3 '  0 0
35' 3 5 '
30' 30'
-70'-60' -75'
km __________ i i i i i
[ f  I i  zoos Jjl S3 ZZ>40S7 I OBC. N*rlnW#Jn#J1 Q 2 0 0  4 0 0
Fig. 1. Study areas in the Elizabeth River/Chesapeake Bay (ER/CB), Delaware Estuary (DE), mid-Atlantic 
Bight (SB  and CS), Sargasso Sea (SS), and Georgia Bight (G AB).
Irradiated and dark control samples were size-fractionated by ultra-filtration (UF). 
A m icon 8400 stirred cells were fitted with 1000 Dalton (Da) regenerated cellulose
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m em branes (M illilpore YM I, 76m m ) and pressurized using ultrapure nitrogen. Sterile 
filtered  (non-fractionated) samples, ultrafiltrates, and UF retentates were analyzed by 
high tem perature com bustion DO C analysis (Shim adzu TC -5000) to m easure non- 
purgeable organic carbon concentration and by UV /vis spectroscopy as described above. 
U V /vis m ass balances are based on total (volum e corrected) absorbance from  250 nm  to 
450 nm  and are presented as a percentage of the absorbance m easured for the size 
fraction divided by the absorbance m easured for the non-ultrafiltered sam ple. D O C  mass 
balances were calculated from  the concentration o f organic carbon m easured fo r each size 
fraction (volum e corrected) divided by the DOC concentration o f the non-ultrafiltered 
sample.
In June 2004, a sample was collected from  the Portsm outh ditch section o f the 
G reat Dismal Sw am p Canal system. The sample was collected in a clean stainless steel 
bucket and transported back to O ld Dom inion University in an H C l-cleaned and sam ple- 
rinsed polypropylene carboy. The sample was sterile filtered as described above and 
stored at 4°C in an H Cl-cleaned and com busted am ber glass bottle. The sam ple was 
diluted by a factor o f five in M illiQ  ultrapure grade water (M illipore) to  bring absorbance 
down to the linear response range o f the Varian Cary UV/vis spectrophotom eter.
In July 2005, a fourth Elizabeth River site, the ODU Sailing Basin, was sam pled 
to investigate m icrobial effects on the UV/vis spectral shape o f CD O M . The Sailing 
Basin is located betw een the Tow n Point and C hesapeake Bay Bridge sam ple sites. W ater 
was collected in an HCl-cleaned polypropylene bucket and transferred  to an H C l-cleaned 
four-liter brown glass bottle. The unfiltered, unam ended, w ater sam ple was stirred 
constantly, kept at room  tem perature, in the dark, and at equilibrium  w ith lab air for two
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weeks. D uplicate 20 ml sam ples were collected at intervals and im m ediately poisoned 
with 100 pM  KCN. The sam ples were allow ed to settle for at least a w eek, after which 
they were analyzed using an A gilent 8453 diode array spectrophotom eter w ith a 1.000 cm 
quartz cell. Blanks consisting o f M illiQ  ultrapure water (M illipore) and an exact aliquot 
of KCN were prepared for each tim e point at the tim e of poisoning.
Delaware Estuary and  A tlantic Ocean
Surface w ater sam ples were collected during two transects o f the D elaw are 
estuary (Figure 1) in sum m er 2000 and sum m er 2002, aboard the R/V Endeavor, from  the 
sh ip ’s clean seaw ater supply system , which was fed from  an inlet at 5 m  depth. Surface 
sam ples were also obtained in the coastal waters near the m outh of the bay and along the 
m id Atlantic Bight (Figure 1). During the 2000 cruise, a depth profile from  10 m to 4000 
m was obtained on the w estern edge o f the Sargasso Sea (71.414°W , 3 6 .4 3 1°N) using 20 1 
G O -Flo bottles (General Oceanics). In a third Endeavor cruise during sum m er 2003, 
waters were sam pled at tw o coastal sites along the G eorgia B ight (G A B ) (Figure 1). 
Sam ples were collected at depths from  4  to 10 m using 20 1 G O -Flo bottles.
All w ater samples were filtered using 0.2 pm  pore-size, precleaned W hatm an 
PolyCap capsule filters and stored in H Cl-cleaned glass bottles. U V /visible 
spectrophotom etric m easurem ents were m ade at sea using a H ew lett Packard  8453 diode 
array spectrophotom eter equipped with a 5.00 cm flow cell. M illi-Q  ultrapure grade w ater 
(M illipore) was used as a blank. Use o f the E 4 /E 6  param eter in this study was restricted to 
the Delaware estuary and G eorgia Bight, as its accurate calculation requires absorbances
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at 665 nm  that are above those obtained fo r open ocean stations. DO C was m easured as 
described above.
Sam ples from  the near-shore GAB sample site, station B (Figure 1), were 
irradiated on deck under natural sunlight as well as in a shipboard solar sim ulator 
containing three UV A 340 (Q-Panel) bulbs and three full spectrum  fluorescent bulbs (G E 
Spectra Rays F40T12/SR). UV /vis absorbance was m easured onboard fo r dark controls 
and irradiated sam ples using the diode array spectrophotom eter, as described above.
Spectral Corrections and S D eterm ination
C D O M  absorbance was assum ed to be zero at 750 nm; therefore, average sam ple 
absorbance betw een 700 and 800 nm  was subtracted from  the spectrum  to correct fo r any 
off-set due to instrum ental drift, tem perature variations and particulates. A bsorbance 
units were converted to absorption coefficients as follows:
a = 2.303A l l  (2)
where a = absorption coefficient ( m 1), A  = absorbance, I = path length (m). A bsorption 
coefficients are used in order to facilitate com parison betw een results obtained using 
different instrum ents with different path lengths. CDOM  absorption spectra were 
linearized by calculating the natural log (In) of a. Spectral slopes were calculated using 
linear regression o f the linearized spectra over the intervals o f 260-340 nm  (S260.?40), 340- 
450 nm (S340_450), and 260-450 nm  (S260_340). Slopes are reported as positive num bers to 
follow  the m athem atical convention of fitting to an exponential decay (Eq. 1). Thus, 
higher (or steeper) slope coefficients indicate more rapid decrease in absorption w ith 
increasing wavelength. R s is calculated as the ratio of S2 6 0 . ? 4 0  to  S340_450 and is therefore
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sensitive to changes in both spectral regions. E 2 /E 3  and E 4 /E 6  ratios w ere calculated using 
absorption coefficients. SU V A 254 was calculated for the D elaw are Estuary sam ples by 
dividing a254 ( m 1) by the DOC concentration (m g • l '1) as in W eishaar et al. (2003).
Total CD O M  absorbance was calculated as the sum  of absorbance over the interval of 
250-450 nm ( ln m  resolution).




U ltrafiltration and  Spectral Shape
Figure 2 shows CDOM  absorption spectra obtained for sam ples from  the 
Portsm outh ditch in the Great Dismal Sw am p Canal system , three sam pling sites in the 
E lizabeth R iver/Low er Chesapeake Bay system , and two sites in the A tlantic O cean 
(Sargasso Sea and Georgia Bight). All spectra follow  an approxim ately exponential 
curve. Figure 3 illustrates the linearization and least squares fit o f the spectra from  Figure 
2. The linear fit is shown for the distinct spectral regions 260-340 nm  and 340-450 nm. 
There are clearly visible distinctions betw een the slopes o f these two regions, depending 














< CBB M ay '04 (23 ppt)




Fig. 2. Absorption spectra obtained for 0.2 pm filtered water samples from six sites: Great D ism al Swamp  
(D S), Great Bridge (GB) and Town Point (TP) in the Elizabeth River estuary, Chesapeake Bay Bridge 
(C BB) on the lower Chesapeake Bay, a coastal site on the Georgia Bight (G A B (B )), and Sargasso Sea (SS).
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Fig. 3. Natural log absorption spectra with best-fit lines for tw o regions (260-340 nm and 340-450 nm).
M ass balances for the ultrafiltered E lizabeth R iver sam ples derived from  CD O M  
absorbance are shown in Table 1. UV /vis mass balances show two general trends. First, 
higher salinity, dow n-stream  samples show m ore LM W  CD O M  relative to H M W  CD O M  
than low er salinity, up-river samples. Second, the LM W  fraction show s a significant 
increase upon light exposure while the H M W  fraction decreases. The D O C m ass balance 
generally follow s these trends (Table 2 ), despite the larger error.
The ratio o f slope (Rs) and absorbance values obtained fo r the 0.2 pm  filtered  
(non-ultrafiltered) samples are consistent with these trends. U p-river sam ples show 
higher absorption coefficients (Figure 2), low er S 26o_34o (Table 3), and low er R s values 
(Table 4) than dow n-river and Chesapeake Bay samples. Irradiation caused an increase in 
S260-340 (Table 3), R s, and E 2 /E 3  (Table 4), and a decrease in UV absorption (Figure 7) for 
sam ples from  all three sites. Furtherm ore, it was found that the Rs fo r H M W  (UF 
retentate) CD O M  fractions differed significantly from  the LM W  (ultrafiltrate) C D O M
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fractions (Table 7). W ith the exception o f non-irradiated C hesapeake Bay Bridge 
sam ples, the LM W  fractions (ultrafiltrates) had higher R s than their H M W  (retentate) 
counterparts. As a basis for com parison with the estuarine sam ples in Table 4  the R s 
value o f 0 .74 was obtained for the Dismal Sw am p sample.
Table 1
U V /V IS mass balances* based on total absorbance (250-450 nm) measurements o f the UF size fractions
May 2004
Site Name Great Bridge Town Point Chesapeake Bay BT
Salinity 12 19 23
% HMW * LMW** lo ta *
R ecoveryf






Initial 72.9 18.9 91.8 67.6 29.8 97.4 54.1 57.4 111.5
Dark
Control
74.5 16.5 91.0 65.0 25.3 90.3 51.6 49.8 101.4
Irr. 24  hours 72.4 22.8 95.2 65.2 36.0 101.1 47 .9 70.7 118.6
Irr. 48 hours 65.7 22.2 87.9 52.3 41.3 93.6 40.6 60.0 100.6
October 2004
Site Name Great Bridge Town Point Chesapeake Bay BT
Salinity 10 17 26
% HMW* LMW** _ Total . 
R ecoveryf HMW* LMW**
Total
R ecoveryf
HM W * LMW**
Total
R ecoveryf
Initial 89.4 17.5 106.9 70.6 24.4 95.0 78.3 35.1 113.4
Dark
Control
77.1 19.6 96.7 78.5 24.3 102.8 51.8 18.4 70.2
Irr. 24  hours 78.8 30.3 109.1 67.7 32.1 99.8 no data no data no data
Irr. 48 hours 74 .4 26.4  100.8 57.4 31.4 88.8 64.7 38.7 103.4
* HMW CDO M =volum e corrected retentate a(250-450) + 0 .2urn filtrate a(250-450) x 100%. 
** LM W  CDOM=ultrafiltrate a(250-450) 4- 0 .2 urn filtrate a(250-450) x 100%. 
t  %Recovery =HM W +LM W .
Spectral slopes for all three spectral regions are consistently higher in ultrafiltrates 
(Table 5) than in corresponding UF retentates (Table 6 ). Spectral slopes, S 260.j4o and 
S340.450, in both size fractions show consistent shifts upon irradiation, w ith S 260,M l
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increasing upon irradiation while S340_450 generally decreases. Rs values for the size 
fractions (Table 7), are therefore also strongly im pacted by photobleaching.
Table 2
-  ------- .. - ......... —----- --------- ------ 0 ----------------- 0----------------- ------------- -----------------
May 2004
Site Name Great Bridge Town Point Chesapeake Bay BT
Salinity 12 19 23






HM W * LM W **
Total
R ecoveryf
Initial 68.2 41.7 109.9 61.8 49.7 111.5 38.5 59.1 97.6
Dark
Control
71 39.2 110.2 56.3 43.5 99.8 47.2 54.9 102.15
Irr. 24 hours 60.6 40.9 101.5 62.4 63.0 125.4 48.2 67.3 115.5
Irr. 48 hours 54.6 31.5 86.1 54.6 62.3 116.9 35.5 51.1 89.6
October 2004
Site Name Great Bridge Town Point Chesapeake Bay BT
Salinity 10 17 26






HM W * LMW**
Total
R ecoveryf
Initial 67.6 26.0 93.6 59.2 36.1 95.3 88.0 35.2 123.3
Dark
Control
69.3 31.0 100.3 62.1 38.8 100.9 70.9 20.8 91.7
Irr. 24  hours 59.2 33.6 92.8 52.4 37.2 89.6 61.7 27.9 89.6
Irr. 48 hours 59.1 57.7 116.8 47.0 49.0 96.0 82.5 24.0 106.5
* HM W  D OC=volum e corrected UF retentate DOC -r 0.2pm  filtrate DOC x 100%. 
** LM W  DOC=ultrafiltrate DOC h- 0 .2pm  filtrate DOC x 100%. 
f  % Recovery =HM W +LM W .
Rs correlates well with the m olecular weight shifts indicated by the U V /vis 
absorbance and DO C m easurem ents of the ultrafiltration size fractions. The ratio o f 
ultrafiltrate absorbance to retentate absorbance (both integrated over 250-450 nm ) is 
plotted against Rs o f non-ultrafiltered samples (Table 4) in Figure 4a and against E 2 /E 3  
for the same sam ples, in Figure 4b. Rs correlates with both the m olecular w eight shifts
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w ithin the estuary (dark controls) and the shifts in m olecular w eight that occurred during 
the course of the 48-hour irradiations. The E 2 /E 3  param eter also show ed a strong 
correlation with the ratio o f ultrafiltrate/retentate absorbance for all three irradiated 
sam ples in M ay 2004 (Figure 4b), but com paring the non-irradiated sam ples from  the two
Table 3




Great Bridge Town Point Chesapeake Bay BT
Salinity 12 19 23
$ 2 6 0 -4 5 0 $ 2 6 0 -3 4 0 $ 3 4 0 -4 5 0 $ 2 6 0 -4 5 0 $ 2 6 0 -3 4 0 $ 3 4 0 -4 5 0 $ 2 6 0 -4 5 0 $ 2 6 0 -3 4 0 $ 3 4 0 -4 5 0
Initial
0.0158 0.0139 0.0170 0.0151 0.0142 0.0161 0.0181 0.0208 0 .0170
Dark
Control
0.0157 0.0137 0.0167 0.0152 0.0141 0.0162 0.0177 0.0213 0.0153
Irr. 24  
hours
0.0154 0.0155 0.0156 0.0153 0.0167 0.0150 0.0171 0.0271 0.0152
Irr. 48
hours




Great Bridge Town Point Chesapeake Bay BT
Salinity 10 17 26
$ 2 6 0 -4 5 0 $2 6 0 -3 4 0 $ 3 4 0 -4 5 0 $ 2 6 0 -4 5 0 $ 2 6 0 -3 4 0 $ 3 4 0 -4 5 0 $ 2 6 0 -4 5 0 $ 2 6 0 -3 4 0 $ 3 4 0 -4 5 0
Initial
0.0148 0.0161 0.0157 0.0137 0.0187 0.0139 0.0172 0.0229 0.0120
Dark
Control
0.0143 0.0160 0.0148 0.0139 0.0189 0.0142 0.0135 0.0199 0.0093
Irr. 24  
hours
0.0143 0.0171 0.0141 0.0135 0.0204 0.0126 No data N o data N o data
Irr. 48  
hours
0.0141 0.0182 0.0132 0.0133 0.0212 0.0120 C ontam .f C ontam .f C ontam .f
*260-400nm  used to calculate $26o-4so■ **340-400nm  used to calculate S340_450- 
f  October CBB 48-hour samples were contaminated by an unknown chromophore.
Elizabeth River sites showed that the E 2 /E 3  ratio appears to be less reliable than R s for 
predicting m olecular w eight distributions w ithin the estuary (F igures 4b and 4d and T able  
4). For exam ple, in M ay 2004, the salinity = 19 samples had a low er nom inal C D O M  
m olecular w eight and higher Rs than the salinity = 12 sam ples (Figure 4  and 5); how ever, 
the E 2 /E 3  ratio was actually low er at salinity = 19 than at salinity = 12. For sam ples
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collected in O ctober 2004 the R s again correlates with the LM W /H M W  CD O M  
absorbance and D O C ratios (Figures 4c and 5c), but Ej/E j ratio does not (Figures 4d  and 
5d). A pplying the F statistical test indicates that the relationships shown in Figure 4a, 4b, 
4c, 5a, 5b, and 5c are significant for probability < 0 .01 .
Table 4
Rs and E2/E, determined for non-ultrafiltered samples
May 2004
Site Name Great Bridge Town Point Chesapeake Bay BT
Salinity 12 19 23
Rs E2/E3 Rs E2/E3 Rs E2/E3
Initial
0.822 5.002 0 .874 4.797 1.399 8.072
Dark
Control
0.821 4.966 0.878 4 .854 1.222 7 .707
Irr. 24  hours 0.997 5.422 1.116 5.707 1.765 8.736
Irr. 48 hours 1.084 5.884 1.235 6.232 2 . 111** 10.735
October 2004
Site Name Great Bridge Town Point Chesapeake B ay BT
Salinity 10 17 26
Rs E2/E3 Rs E2/E3 Rs E2/E3
Initial
1.031 4.560 1.352 4.318 1.970 9.001
Dark
Control
1.081 4.506 1.332 4 .332 2.143 6.165
Irr. 24  hours 1.209 4.832 1.622 4.791 N o data N o data
Irr. 48 hours 1.377 5.130 1.770 4 .934 C ontam .f C ontam .f
**340-400nm  used to calculate S^^so-
fO ctober CBB 48-hour samples were contaminated by an unknown chromophore.
The change in Rs is prim arily due to the change in the S 260.mo param eter (Tables 3, 
5, and 6 ), which in turn correlated strongly with the relative am ount o f L M W  CD O M  
(Figure 6 a). S 340_450 shows a general trend o f increasing with m olecular w eight (Figure
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6 b); how ever, the correlation is m uch w eaker than that seen for S260_340 or Rs. Both trends 
show n in Figure 6  are significant for probability < 0.05.
Table 5




Great Bridge Tow n Point Chesapeake Bay BT
Salinity 12 19 23
$ 2 6 0 -4 5 0 $ 2 6 0 -3 4 0 $ 3 4 0 -4 5 0 $ 2 6 0 -4 5 0 $ 2 6 0 -3 4 0 $ 3 4 0 -4 5 0 $ 2 6 0 -4 5 0 $ 2 6 0 -3 4 0 $ 3 4 0 -4 5 0
Initial
0.0193 0.0173 0.0206 0.0165 0.0156 0.0169 0.0247 0 .0249 0.0178
Dark
Control
0.0189 0.0173 0.0203 0.0150 0.0161 0.0144 0.0211 0.0222 0.0156
Irr. 24  
hours
0.0197 0.0192 0.0200 0.0166 0.0212 0.0162 0.0198 0 .0244 0.0110
Irr. 48
hours




Great Bridge Town Point Chesapeake Bay BT
Salinity 10 17 26
$ 2 6 0 -4 5 0 $ 2 6 0 -3 4 0 $ 3 4 0 -4 5 0 $ 2 6 0 -4 5 0 $ 2 6 0 -3 4 0 $ 3 4 0 -4 5 0 $ 2 6 0 -4 5 0 $ 2 6 0 -3 4 0 $ 3 4 0 -4 5 0
Initial
0.0126 0.0248 0.0108 0 .0134 0.0268 0.0111 0.0199 0 .0226 0 .0206
Dark
Control
0.0130 0.0242 0.0111 0.0147 0.0265 0.0126 0.0169 0.0202 0.0169
Irr. 24  
hours
0.0142 0.0233 0.0119 0.0141 0.0271 0.0107 0.0091 0.0495 0.0085
Irr. 48  
hours
0.0133 0.0252 0.0099 0.0147 0.0283 0.0106 0.0186 0 .0330 0.0176
The photobleaching difference spectra shown in Figure 7 display a broad 
m axim um  around 285 nm and a sharper m axim um  at ~210 nm. The irradiance cu t-o ff of 
the solar sim ulator is well above 210 nm  (at ~300nm ). Photobleaching below  this cu t-off 
may be explained by the loss of secondary chrom ophores or conjugated system s of 
chrom ophores (i.e. the destruction o f a  chem ical species that absorbs energy w ithin the 
incident spectrum  as well as at ~210 or 285 nm). In addition, indirect (secondary or 
photo-sensitized) photochem ical reactions, such as the production o f  »OH radicals from
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the photo-Fenton reaction, maybe involved (Goldstone and V oelker, 2000; W hite et al., 
2003; T akeda et al., 2004).
Table 6




Great Bridge Tow n Point Chesapeake Bay BT
Salinity 12 19 23
s 260-450 $ 2 6 0 -3 4 0 $ 3 4 0 -4 5 0 •S260-450 A 60-340 S 340-450 $ 2 6 0 -4 5 0 $ 2 6 0 -3 4 0 $ 3 4 0 -4 5 0
Initial
0.0152 0.0135 0.0164 0.0147 0.0132 0.0158 0.0174 0.0182 0.0165
Dark
Control
0.0153 0.0135 0.0163 0.0148 0.0131 0.0156 0.0174 0.0182 0.0168
Irr. 24
hours
0.0148 0.0144 0.0152 0.0146 0.0147 0.0148 0.0179 0.0209 0 .0154
Irr. 48  
hours




Great Bridge T ow n Point Chesapeake Bay BT
Salinity 10 17 26
$ 2 6 0 -4 5 0 $ 2 6 0 -3 4 0 $ 3 4 0 -4 5 0 $ 2 6 0 -4 5 0 $ 2 6 0 -3 4 0 S 3 4 0 -4 5 0 $ 2 6 0 -4 5 0 $ 2 6 0 -3 4 0 $ 3 4 0 -4 5 0
Initial
0.0144 0.0132 0.0153 0 .0144 0.0142 0.0153 0.0178 0.0188 0.0175
Dark
Control
0 .0144 0.0126 0.0153 0.0143 0.0141 0 .0149 0.0159 0.0181 0.0146
Irr. 24  
hours
0.0137 0.0139 0.0139 0.0138 0.0145 0.0139 0.0190 0.0243 0 .0169
Irr. 48 
hours
0.0142 0.0141 0.0140 0.0139 0.0161 0.0137 0.0192 0.0380 0.0185
Changes in spectral shape caused by m icrobial activity differ significantly  from  
those observed for photochem ical oxidation. A erobic m icrobial incubations resulted in a 
significant decrease in Rs after 6  days (Figure 8 ). E /E 3  changed by less than 3% over the 
course o f the incubation. A fter 14 days, absorbance at 254 nm  had decreased by 16% 
indicating a net loss o f arom atic carbon (Figure 8 ). The m axim um  loss o f D O M  
absorbance during the incubation occurred at 300 nm. This study suggests that spectral 
shape changes along estuarine transects are largely the result o f non-m icrobial processes.
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How ever, it is im portant to acknowledge that the microbial study used sam ples from  a 
single site that may not be representative o f other regions o f the estuary or other m arine 
environm ents. The Rs values obtained for this site are consistent with those obtained in 
the estuary in M ay 2004. These results are also consistent with previous studies that 
m easured spectral slopes of m icrobially altered CD O M  (V ahatalo and W etzel, 2004; 
M oran et al., 2000).
Table 7
Slope ratio (Rs) calculated for each o f the UF fractions
May 2004
Site Name Great Bridge Town Point Chesapeake B ay BT
Salinity 12 19 23
Rs Rs Rs Rs Rs Rs
(Filtrate) (Retentate) (Filtrate) (Retentate) (Filtrate) (Retentate)
Initial
0.838 0.825 0.923 0 .834 1.401 1.102
Dark
Control
0.848 0.820 1.114 0.820 1.424 1.079
Irr. 24 hours
0.963 0.943 1.465 0.993 2.225 1.353
Irr. 48 hours
1.531 1.022 1.538 1.062 3.506** 1.452
October 2004
Site Name Great Bridge Town Point Chesapeake Bay BT
Salinity 10 17 26
Rs Rs Rs Rs Rs Rs
(Filtrate) (Retentate) (Filtrate) (Retentate) (Filtrate) (Retentate)
Initial
2.300 0.862 2.428 0.932 1.099 1.076
Dark
Control
2.190 0.821 2.105 0.947 1.191 1.236
Irr. 24  hours
1.961 1.003 2.534 1.041 5.839 1.441
Irr. 48 hours
2.539 1.001 2.682 1.175 1.880 1.337
** 340-400nm  used to calculate S340_450.
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Fig. 5. Relationship o f Rs (a and c) and Eo/F:i (b and d) with molecular w eight distribution (NPDOC  
quantification).
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Fig. 6 . Spectral slopes as indicators o f molecular weight: S260.240 versus %LMW (a) and S340.450 versus 
%HMW (b) (M ay 2004).
O ur ultrafiltration results show that, during light exposure, the concentration of 
LM W  CD O M  increases relative to the H M W  CDOM  in all the E lizabeth 
R iver/Chesapeake Bay sam ples (Tables 1 and 2). A t the sam e tim e, the U V /vis spectral 
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Fig. 7. Photobleaching difference spectra from Elizabeth River and Chesapeake Bay (fall, 2004).
to a steepening o f the linearized spectrum  below 340nm, and to a lesser extent a 
flattening above 340nm. These changes verify the results o f C arder e t al (1989), who
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exam ined the relationship o f m olecular w eight with absorbance and slope coefficients 
using resin-extracted hum ic and fulvic isolates (as opposed to  the unaltered D O M  used in 
this study). The prior results do not seem  to be an artifact either of the fractionation o f the 
D O M  that inevitably occurs during the adsorption onto the resin or an artifact o f the 
hum ic/fulvic fractionation that is perform ed afterward. This agreem ent suggests that, in 
some cases, HS isolates m ay be used as DOM  surrogates; how ever, isolation and 
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Fig. 8 . Aerobic microbial activity in the Elizabeth River (O DU Sailing Basin, July 2005).
Spectral Changes in the D elaw are Estuary
Rs values w ithin the Delaw are estuary range from  0.93 in the river to 1.31 at the 
bay mouth. Figure 9a illustrates that Rs showed sim ilar trends w ith salinity during cruises 
in summ er 2000 and sum m er 2002. This sim ilarity is likely in part due to progressive 
photobleaching during the dow n-stream  transit, and in part due to m ixing o f river w ater
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with m arine water in the estuary, which dilutes the pool of high M W  terrestrial CD OM  
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Fig. 9. Spectral parameters measured within the Delaware Estuary: Rs (a), E2/E3 ratio (b), E4/E6 ratio 
and SU V A 254 (summer 2002) (c), absorption at 254 and 280 nm and dissolved organic carbon 
(summer 2002) (d).
The dow n-estuary change in Rs is largely due to an increase in S 260.34o (F igure 10). 
The 260-340 nm wavelength region is very sensitive to changes w ithin the estuary 
com pared with S  calculated for the broader region o f 260-450 nm , w hich changed very 
little along the estuarine transect (Figure 10). The sensitivity of slope ratio as an 
indicative param eter is enhanced by the decrease o f slope in the long w avelength region 
(Figure 10). Figures 9b and 9c show E^/E^ and E 4 /E 6  ratios as they vary w ith salinity  in 
the estuary. As discussed earlier, increasing E2 /E 3  ratios suggest that M W  is decreasing 
dow n-stream  (DeEIaan and DeBoer, 1987). The E 4 /E 6  ratios also suggest that D O M  M W
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is decreasing dow n-stream  and that carboxyl content and total CD O M  acidity is 
decreasing (Chen et al., 1977). Specific UV absorbance at 254 (SU V A 254) (Figure 9c) 
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Fig. 10. Spectral slope coefficients along the Delaware Estuary (summer, 2002).
A few  past studies have used absorbance at 254 nm  or 280 nm  as an ind icator o f 
arom aticity (Sum m ers et al, 1987; W eishaar et al., 2003). H ow ever there is some 
inconsistency between using absorbance as an indicator o f arom aticity and using spectral 
shape (Figures 9c and 9d). E 4 /E 6  decreases significantly along the estuarine transect 
suggesting that hum ic content of the DO M  is increasing (Chin et al., 1994; Sum m ers et 
al., 1987). However, this result may be an artifact o f the strong pH dependence o f this 
param eter (Chen et al., 1977) as well as its dependence on m olecular size. In the upper 
reaches of the estuary (salinity = 0-2), a254 and a280 decrease m ore rapidly than sim ple 
m ixing would perm it (Figure 9d). The discrepancy m ay be due to flocculation  and
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adsorption to particles as this region is near the turbidity m axim um  of the estuary (B iggs 
et al., 1983). U sing SUVA254, which norm alizes absorption at 254 nm  to organic carbon, 
partially alleviates this discrepancy (Figure 9c), but may show some bias in the m id­
estuary (at salinity - 2 0 ) due to the high rates o f prim ary productivity (phytoplankton 
bloom ) in that part of the estuary (Helms, unpublished data; Steinberg et al., 2004). A 
possible source o f additional arom atic carbon in this region o f the estuary is effluent from  
tidal m arshes (Rom an and Daiber, 1989).
C oastal Transects and  Depth Profiles
In ocean waters, R s values generally increase w ith distance from  the shore. N ear 
surface m easurem ents of R s were -1 .2  at the m outh of the D elaw are Bay (75.085°W , 
38.864°N ), ~1.4  at the shelf break (SB=73.766°W , 38 .711°N), -2 .7 5  about m idw ay 
across the continental slope (CS=70.965°W , 37.687°N), and -4 .2  in the Sargasso Sea 
(SS=71.414°W , 36 .431°N). Com paring two locations on the G eorgia B ight (see F igure 1 
and Table 8 ), the near shore site (about 50 km  o ff the coast; 79.987° W, 32 .172°N) 
show ed average R s values of 1.7 (±0.2 over 6  days) in surface w ater sam ples in sum m er 
2003. Further o ff shore, near the shelf break (about 140 km  off shore; 79 .278°W , 
31.762°N ), R s values in surface waters averaged 3.8 (±0.1 over 2 days). T he m arkedly 
higher R s values m easured at the offshore site are consistent w ith previous studies o f 
open ocean sea w ater (Sarpal et al., 1995; A nesio, 2000) as well as w ith our 
m easurem ents in the Sargasso Sea.
Table 9 shows the changes in spectral param eters that resulted from  irradiations in 
natural sunlight and a solar simulator. Both irradiations resulted in an increase in S260.340,
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Table 8
Average spectral parameters for two sites in the Georgia Bight (June 2003)____________________________
Near Shore G A B(B) O ff Shore G A B(C ) D ifference (B-C)
S 260-450 0.016 ±0.001 0.013 ±0.001 0.003
S 260-340 0.022 ±0.002 0.028 ±0.002 -0 .006
S 340-450 0.013 ±0.0002 0.0072 ±0.0006 0.006
Rs 1.70 ±0.15 3 .84 ±0.13 -2 .14
E2/E3 8.7 ±1.4 13.5 ±1.6 -4.8
E4/E6 4.63 ±1.0 2.71 ±1.0 1.92
a2 5 4  ( m 1) 3.368 ±0.001 1.78 ±0.06 1.588
a280  (n r 1) 2.160 ±0.085 0.799 ±0.041 1.361
G A B (B ) was sampled 4  times ofer 6 days. GAB(C) was sampled twice over 2 days.
Rs, and E ^E , and a decrease in a254, a280, and E 4 /E 6. The average rate of 
photobleaching in the solar sim ulator at 300 nm was about 1.5 tim es higher than in 
natural sunlight. Spectral param eters for the dark control were typical of filtered surface 
w ater sam ples from  this site (Table 8 ). The changes in spectral param eters obtained 
during these irradiation experim ents are sim ilar to those obtained for the E lizabeth R iver 
and Chesapeake Bay (Tables 2  and 3). Specifically, S2 6 0 _3 4 oincreased, S3 4 0 _4 5 0  decreased, R s 
and E 2 /E 3  increased, and UV/vis absorption decreased (i.e. the C D O M  was 
photobleached). The second derivative spectra (not shown) o f the sam ples described in
Table 9
Spectral parameters altered by irradiation with natural and artificial sunlight___________________________
Dark Control 8h Nat. Sun 18h Solar Sim.
S260-450 0.016 0.015 0.016
$ 2  6U-340 0.022 0.023 0 .026
S 340-450 0.013 0.011 0.012
Rs 1.654 2.003 2.211
E2/E3 8.621 8.967 11.200
E4/E6 4.300 4.095 3.372
a254 (m '1) 3.240 3.228 2.913
a280 (nT1) 2.040 1.930 1.579
Table 9 have m axim a at ~300 nm in addition to the m axim a at 340 nm. The 300 nm  
m axim um  (or break in S ) was not as sensitive to photobleaching as the one at 340 nm , but
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increased during the irradiation experim ents by about 9% (com pared with 64%  at 340 
nm). T w o earlier studies show that Rs changes m arkedly with depth in open ocean waters 
(Sarpal et al., 1995; A nesio, 2000). In both cases S260_340 values (shorter w avelengths), 
decrease sharply below the photic zone while S340.450 (longer w avelengths) increases 
slightly. Figure 11 shows the depth profile of S260.4J0, S 260-34o, S340.450, and R s in the 
Sargasso Sea during summ er, 2000. S260.340 shows a strong surface m axim um , and S340_450 
show s a small decrease near the surface, while the broad range S2 6 0 . 4 5 0  changes very little 
w ith depth. Rs is m arkedly high at the surface, suggesting strong photobleaching of 
CD O M  (Figure l ib ) .  The presence of strongly photobleached C D O M  at the surface is 
consistent with changes in slope coefficients and slope ratios observed during our 
irradiation experim ents.
W hile the high values o f Rs are in part due to an intensification o f the 340nm  
inflection point in the natural log linearized spectrum , a second inflection point at or near 
300nm  becom es very pronounced in the open ocean surface seaw ater (see Figure 3). This 
second inflection point near the solar cut-off suggests that the variance w ith depth is 
largely a photochem ical signal that is not evident in other regim es w here UV light 
penetration depth is m inimal below 340nm  or in deep waters that have no recent light 
exposure.
The m axim um  in the Rs profile at ~250 m corresponds to eighteen degree 
subtropical m ode w ater or STM W  (M cCartney, 1982; H azeleger and D rijfhout, 1998). 
The m inim a at ~90 m and ~1000 m correspond to the chlorophyll m axim um  and oxygen 
m inim um  respectively (data not shown) and suggests that there is som e m icrobial
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production o f chrom ophoric material (Nelson, 1998; Steinberg et al., 2004). Thus, 
variations o f Rs with depth appear to be oceanographically consistent.
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Fig. 11. Spectral slopes (a) and ratio o f slopes (b) in the Sargasso Sea (71.41°W , 36.43°N ; summer, 2000).




Using a consistent set o f definitions for describing the shape o f CD O M  spectra 
facilitates com parison of field data and experim ental results th roughout the literature.
This study covers a broad range of natural, photobleached and size-fractionated sam ples, 
a diversity o f D O M  sources (terrestrial, estuarine, and m arine) and concentrations. Based 
on the observations reported above, it appears that changes in spectral shape w ithin 
estuaries are due to  shifts in DO M  m olecular size and com position, which is affected by 
the m ixing of D O M  from  two main sources (terrigenous and m arine), photo-oxidation of 
DOM  and possibly flocculation. Rs is therefore a potentially useful spectral indicator o f 
CD O M  m olecular w eight in natural waters.
Com parison o f the ultrafiltration data and UV spectra obtained from  the E lizabeth 
River and Chesapeake Bay samples shows that the ratio o f spectral slopes can be used to 
qualitatively describe the m olecular weight distribution o f the CD O M  in a w ater sam ple. 
W ith further refinem ent and inter-com parison w ith techniques, such as electrospray m ass 
spectrom etery (ESI-M S), nuclear m agnetic resonance (NM R) spectroscopy and 
fractionation by size exclusion chrom atography (SEC), our spectral slope and slope ratio 
data treatm ent m ay provide a better understanding o f the relationships betw een m olecular 
level characteristics o f dissolved organic m atter and optical properties o f CDOM .
The changes in spectral slope that occurred during our irradiation experim ents in 
both natural and artificial sunlight help explain the variations in spectral slope that were 
observed along surface transects in estuaries, the coastal ocean and in open ocean depth 
profiles. Previous studies (Sarpal et al., 1995; A nesio, 2000) speculated that the break in
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spectral slope at ~340 nm  and its sensitivity to photo-oxidation are prim arily  due to 
preferential photobleaching of particular light absorbing m oieties and/or the m axim um  
overlap o f  CD O M  absorbance and solar irradiance spectra at these w avelengths. T hat 
clearer (e.g. open ocean) waters show a break in S  at low er w avelengths upon irradiation 
may indicate that optical properties play a role in which chrom ophores are photobleached 
(i.e. availability of short wavelength UV light at depth). The optical properties in turn are 
largely a function of D O M  source and the photochem ical history o f the w ater mass. 
Further study o f the w avelength dependence of spectral slope shifts and the causes and 
significance o f these shifts is needed. W hatever the causes o f these photochem ically  
induced spectral shifts, our ultrafiltration data indicate that they are accom panied by a 
decrease in DOC and CD O M  m olecular weight.
T he effect o f m icrobial degradation on spectral slope coefficients in the specific 
spectral regions used to calculate Rs was determ ined for one site on the E lizabeth River 
and found to be significant on tim e scales of days to weeks. A erobic m icrobial 
reprocessing caused R s to decrease. This result is consistent with V ahatalo  and W etzel 
(2004) and M oran et al. (2000), who found that m icrobial processes m inim ally affected 
spectral slope coefficients on short tim e scales, but tended to cause shifts opposite to 
those caused by photochem istry. Further research is needed to determ ine the effect that 
microbial heterotrophy has on the shape of CDOM  spectra in a m ore diverse range of 
m arine environm ents.
Ratio o f spectral slopes (Rs) is a fast, reproducible, broadly applicable, robust, and 
inexpensive m ethod for characterizing CDOM  in natural waters. Spectral corrections and 
calculations used in obtaining reliable R s values are considerably sim pler than those
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needed fo r excitation/em ission m atrices (EEM s). The Rs param eter is relatively 
predictable across diverse aquatic regim es (e.g. from  the G reat D ism al Sw am p to the 
Sargasso Sea) and provides strong differentiation betw een open ocean, coastal ocean, 
estuarine, and riverine surface waters. For example, betw een the D elaw are R iver and the 
Sargasso Sea, R s varies by more than a factor o f 4. The Rs term , due to its independence 
from  D O C concentration, may therefore be useful for differentiating open ocean waters 
from  those o f near-shore coastal or estuarine origin. A n im portant potential application 
of the R s param eter is in the analysis of ballast water. To lim it the proliferation of 
invasive aquatic species (Choi et al., 2005), sea faring vessels are required to exchange 
their ballast w ater at least 200 m iles from  shore (M urphy et al., 2003). O ur spectral 
analysis provides a rapid analytical tool for differentiating in-land w aters from  oceanic 
regim es w ith considerable accuracy and reproducibility and may be a sim ple alternative 
or supplem ent to EEM s. How ever, further research is needed to determ ine w hether the 
approach is robust enough to be effective in an environm ent likely to contain large 
am ounts of petroleum  and metal contam ination.
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